Proceedings of the Royal Society of Medicine
Four years after Bellini, i.e. in 1666, Marcello Malpighi published his account of the kidney and went far beyond the former. Me rekarded the cortex as composed of rounded internal renal glands (the Malpighian corpusdles) attached to the ends of the small arterial twigs like bunches of apples to the branches of a tree. At the surface and more internally, they were interposed between the urinary ducts, and they could be injected from the arterial side with ease, from the venous side with some difficulty. Their connexion with the uriniferous tubules was not so distinct, but Malpighi appears to have regarded the glands as sites for the elaboration of urine, which passed into the ducts.
After Malpighi, Ruysch (1701 , 1702 , 1703 injected the vessels of kidneys and his work needs a word or two of explanation, which I will borrow from Cole (1944) . Galen and the ancients believed that there were parts of the body which had no vascular supply. Ruysch, by achieving the injection of ever finer and finer vessels, established the ubiquity of the blood vascular system, but at the same time strengthened a view which originated with Erasistratus in the sixth century B.C., that the tissues were but vascular networks, variously arranged. In this depreciation of the part played by the parenchyma, the importance attached to glandular tissues decreased, and the diverse activities of the tissues were explained on the individualities of their vascular supplies. "Malpighi, who had rightly understood the relations of glandular tissue and blood supply, was thus opposed and thrust aside by Ruysch and his followers, who denied the very existence of glandular tissue, and could see in a gland nothing but a subtle complex of blood capillaries."2
In addition, some of the substances (water, mercury, tallow, wax, air) injected by Ruysch and others (including, according to von Haller, Eustachius and, according to Bowman, Albinus) into the renal arteries came out through the urinary ducts of the papille, even though the veins had not been ligated. The various possible explanations of this happening need not, perhaps, concern us here, except that we may dismiss that particular one according to which exhalant arteries 'With open stomata opened directly into the excretory canals. In 1778, however, von Haller stressed the injection findings rather than Malpighi's more fundamental contribution, and von Haller's authority was such that we can imagine the resultant pause in progress.8 Four years later, in 1782, Schumlansky continued the discussion about the connexion between corpuscles and uriniferous tubes, and he was followed by Huschke (1828) and by Johannes Muller (1830), who denied a connexion.
The latter, in his work on the more intimate structure and the development of the secreting glands, gave a great many details about the comparative anatomy of the kidney-we may remember that such comparative structural study was, at the time, perhaps the main basis of physiological ideas. Muller noted the occurrence of Malpighian corpuscles or receptacles in frogs, toads, tortoises, birds, mammals, and man, and their absence from crocodiles, serpents, and fishes. He described them as rounded bodies, with a cavity vesicular and bloody, occurring in the cortex of the kidney and distinguishable, on the one hand from the larger arterial twigs, on the other from the blood-vascular network lying between the urinary ducts. He stressed the separateness of the ducts from the blood-vessels, and was at a loss to suggest a function for the corpuscles. Solly, who epitomized Muiller's findings in an English publication in 1839, suggested that they might merely act as diverticula to the blood when it was not employed in secretion, just as the spleen (it was supposed) did in relation to the organs of digestion.
The standard English textbook of the time was Herbert Mayo's Outlines of Human Physiology, and in the fourth edition, which appeared in 1837, is the following account of the kidney. "Its artery, termed the renal or emulgent, is, relatively to the size of the gland, the largest in the body4: it readily transmits injected fluids into the emulgent veins and excretory tubes. The renal nerves are derived from the semilunar ganglia or solar plexus; several small ganglia are formed upon them: when the renal nerves are divided in a dog, the animal expresses pain.5 By making a section from the external convex edge of the kidney 2That Ruysch had some justification is evident from the modem investigations made by Shonyo and Mann (1944) during their neoprene injections of the renal vascular tree. They stated, with respect to the normal kidney, that " the ease with which neoprene is injected and the extent of the cast make it possible to demonstrate the extreme vascularity of the kidney, a fact which is not so readily appreciated by studies on histologic sections and the usual injection-corrosion specimens. In completely injected specimens the vascular tree is so dense that grossly the corroded kidney appears to be almost as solid as does the uncorroded one (figs. 1 and 2)." 3In the same volume he collected details about the renal vessels, e.g. he noted Senac's (1749) postulate, based on anatomical measurements, that the kidneys receive somewhat less than a sixth of the total aortic blood flow.
4Cf. details of the amount of the renal blood flow given later in this article. 5This early indication of the presence of afferent fibres in the renal nerves is corroborated by personal experience in the anesthetized animal, and is of considerable significance in modem views of kidney functioning. 28 722 through to the internal concave edge, the different substances of which the gland is composed are displayed. The outer or cortical part is of a granulated texture, but seems after a successful injection to consist of tortuous vessels alone; processes of the same substance extend towards the concavity of the kidney, between which are contained cones of what seem white convergent fibres ... the white fibres are excretory tubes, which have their origin in the cortical substance; the mode of their connexion with the blood-vessels has not been ascertained. While immersed in the cortical part, that is to say near their origin, the excretory tubes are highly tortuous: in the white cones their course is straight." At about the same time as this statement was made by the Senior Surgeon of the Middlesex Hospital, George Corfe, resident medical officer thereof, published a popular treatise on the kidney (1839). As this was quoted at some length by Solly in the volume in which he epitomized Mtiller's findings, it is of interest to see what views could be expressed without exciting comment! Corfe stated that the urine was separated by the kidney, but denied that this "excrementitious drain" could derive from the "life-giving blood" which the renal artery brought to the organ. His own view was that the urine is a secretion from oil and venous blood.6
It is a pleasure to turn from Corfe's statements to a second account by Johannes Muller which was published in 1839 and reads: "The disposition of the blood-vessels in the substance of the kidney is extremely interesting. In the cortical structure they form the ordinary capillary network, of which the meshes are so close that the intervals are not many times larger than the diameter of the capillaries that enclGse them. Among the tubuli uriniferi of the cortical substance lie the acini of Malpighi, bodies larger than the urinary canals, (see the table of measurements,) and visible even with the naked eye. Schumlansky has drawn them much too small. They lie in vesicular cavities of the cellular tissue between the tubuli uriniferi, and consist wholly of convoluted blood-vessels. It is remarkable that they exist in the kidneys of most, perhaps all, vertebrate animals; they have been found in the kidney of the frog, toad, salamander, turtle, and tortoise, birds, mammalia, and man [and recently by Hyrtl in the kidney of fishes]. Schumlansky first advanced the hypothesis that these glomeruli are the source of the urinary secretion,-that the tubuli uriniferi take their rise in them. The more accurate examinations of Huschke and myself, however, have shown that such is not the case, for the glomeruli or corpora Malpighiana can be injected only from the arteries, never from the secreting canals. In the salamander, too, Huschke has seen the blood-vessel, which enters each of the glomeruli, issue from it again, after having made numerous convolutions. They can be filled with injection from the arteries as easily as from the veins,7 and are simply receptacles for blood.
"The convoluted tubuli uriniferi themselves are the seat of the secretion of urine, which is poured out by their whole internal surface, not by their extremities only. They are everywhere surrounded by minute currents of blood, circulating in the capillary network which fills their interstices, and is extended over their external surface. The fluid part of the blood may permeate the delicate parietes of the uriniferous canals, and suffer in its transit a chemical change; or the effete matters contained in the blood of the capillaries may be attracted and separated from it by the agency of those canals.
"In the medullary portions of the kidney the blood-vessels run between the urinary canals in straight lines, from the cortical portion towards the mammella. These straight bloodvessels are easily injected either from the arteries or the veins, and were formerly supposed to be urinary canals, and to prove the existence of a communication between the bloodvessels and ducts of glands. But they differ from the secreting canals in becoming smaller as they approach the mammella, on which they terminate in the common capillary network which surrounds the openings of the tubuli uriniferi."
The work of Muller and his pupils, e.g. Schleiden, Henle and Schwann, like that of Wharton Jones, Sharpey, Todd, Paget, Gulliver and Goodsir in our own country, was in no small measure made possible by the improved compound microscope which came into use about 1830; the related enunciation of the "cell doctrine" by Schwann in 1839 was an event of the utmost importance.
"In Corfe's day, as earlier, experimental physiology was largely lacking and deductions from anatomy could not usually be checked. Hypotheses were rife and chance factors, not fitness, determined their survival, as one can see in another field, namely, the history of ideas about the foetal circulation (Franklin, 1944) .
7Translator's comment: "This expression seems to imply that the glomeruli may be filled with injection from the veins; but the translator cannot find a statement to that effect in the writings of any of the modern anatomists who have studied the structure of the kidneys; and he is informed both by Mr. Owen and by Mr. Kiernan, that in their minute injections of these organs they have never seen the matter thrown into the veins pass into the bodies in question."
Proceedtngs of the Royal Society of Medicine William Bowman (1816 -1892 William Bowman, whose contribution to renal vascular studies and to ideas of renal physiology appeared in 1842, had earlier assisted Dr. Blakiston, to whom he had been apprenticed in Birmingham, in certain cardiac researches and in gratitude for this help Blakiston had presented him with a compound microscope. Few gifts to youth can ever have been more fruitful! During those apprentice years, also, Bowman exhibited great manipulative skill and powers of draughtsmanship. In 1837, at the age of 21, he went to King's College, London, where Robert Bentley Todd, aged 28, was the recently appointed Professor of Physiology and of general and morbid Anatomy. In the next year Bowman became his demonstrator, and the long partnership between the two men began, Todd contributing (Keith, 1930) enthusiasm and daring, Bowman cool judgment and technical skill. Todd's monumental Cyclopadia of Anatomy and Physiology was already under way (vol. 1 had appeared in 1835-6, vol. 2 was in press), and he enlisted Bowman's help with the future volumes, as well as with the contemplated Physiological Anatomy and Physiology of Man, of which they later became joint-authors. Bowman, as the one to be responsible for dealing with the micro-structure of skin, sense organs, nerves, lining membrane of the alimentary canal, glands, lungs, liver, kidneys, testes, voluntary and involuntary muscles, bone and cartilage, decided to investigate for himself rather than to derive from the German histologists, and in consequence his papers on muscle, the kidney, &c. were accounts of research results obtained during the course of work primarily undertaken in connexion with the production of an encyclopedia and a textbook. For the paper on muscle he was elected F.R.S., for that on the kidney he was given a Royal Medal, and he was still only 27 years old when he received the second honour.
The 1842 article was entitled "On the structure and use of the Malpighian bodies of the kidney, with observations on the circulation through that gland". In it Bowman stated that the uriniferous tubes consist of an external basement membrane (his term) lined by epithelium, and that the Malpighian body (in man and various lower animals) is a rounded mass ofminute vessels invested by a cyst or capsule ofprecisely similar appearance to the basement membrane of the tubes, and continuous with the latter. The relationship had previously been missed because it is only directly opposite the points of entry of the vas afferens and exit of the vas efferens that the orifice of the uriniferous tube is apparent. The beginning of the tube in the frog exhibits ciliated epithelium in activity.
Bowman's idea of the renal circulation, based on his structural findings, was that "All the blood of the renal artery (with the exception of the small quantity distributed to the capsule, surrounding fat, and the coats of the larger vessels) enters the capillary tufts of the Malpighian bodies; thence it passes into the capillary plexus surrounding the uriniferous tubes, and it finally leaves the organ through the branches of the renal vein". Incidentally, he noted the larger size of the deeper [basal or juxtamedullary] glomeruli, their wide efferent vessels, the branching of each of these latter into several vessels of appreciable calibre which passed inward towards the pelvis, with venous return vessels running, in similar fashion, more or less parallel with the uriniferous tubes of the medulla.
From the arterial side, the Malpighian tufts could be readily injected and, with less freedom, the capillaries surrounding the uriniferous tubes. The capillaries, but not the tufts or the arteries, could be injected from the venous side. If the vessels ruptured, the uriniferous tubes might become injected from either the arterial or the venous side. From the uriniferous tubes, without extravasation, it was impossible to inject the Malpighian bodies, the peritubular plexus, or the veins.
Much else of interest in Bowman's article must, for reasons of space, be omitted from this present account, but we should refer briefly to his views of the function of the glomeruli.
He believed that water passed from the blood via the glomerular vessels and dissolved, in its passage along the uriniferous tube, the secretions of the epithelial cells of that tube. Diuretic medicines, he thought, acted specially on the Malpighian bodies and various foreign substances, particularly salts, which, when introduced into the blood, pass off by the urine with great freedom, exuded in all probability through this bare system of capillaries. They also appeared to be the likely route of escape, in pathological cases, of sugar, albumen, and the red particles of the blood.
1842 Onwards From 1842 onwards it is difficult to produce a brief and, at the same time, interesting story if one follows chronologically the course of the findings as a whole. I propose, therefore, from this point to follow a number of individual lines, in succession, up to modern times.
(1) Theories of renal secretion.-After Bowman's filtration-secretion theory of 1842 came Carl Ludwig's filtration-reabsorption one of 1844, which appeared to be supported in 1854 by the work of Goll, who showed that the urine flow was closely related to the arterial pressure. On the other hand, many vascular effects and also points in regard to the blood-urine 724 on concentrations were left unexplained. In 1870, also, Ustimovitsch showed that administration of urea would re-start urine secretion which had stopped through fall of arterial pressure, so Ludwig conceded that blood composition, as well as blood-pressure, was involved. Then, in 1874, R. Heidenhain and, in 1878, Nussbaum reported the results of experiments which appeared to support Bowman's theory. After a long break, in 1917, Cushny produced his modem theory, according to which filtration of plasma less colloids occurred in the glomeruli, and reabsorption of a modified Ringer-Locke. solution occurred in the tubules. The thesis was derived from a very critical review of the literature rather than from personal experiments, and its main achievement, apart from a severe purge of previous publications, was probably the stimulus it gave to A. N. Richards, who began his beautiful work with Wearn in 1922, and, by direct methods, produced some definite facts about the processes occurring in the frog's kidney. Subsequently, E. K. Marshall, jr., added to knowledge of secretory processes and produced valuable suggestions from comparative anatomy. Finally, renal clearance tests, in which Van Slyke, Rehberg, Homer Smith and others have been concerned, have added much to our knowledge. At the present time, it is generally held that the mammalian vasculo-nephric unit exhibits filtration through the glomerulus and reabsorption through the tubules, but that in specific instances tubular secretion also occurs.
(2) The renal vascular system.-Under this heading there is much to record, but I will confine myself to a few points:
(a) The greater size of the mammalian basal glomeruli, their wide vasa efferentia, and the continuation of these latter, after the giving off of a few capillaries, as leashes of vasa recta passing towards the pelvis and thereafter returning from it were, even if incompletely, described by Bowman and pictured by Frey. In recent times, they received more thoroughgoing attention from Lee-Brown in 1924, and from the Nuffield Institute team, particularlyon the microscopical aspect-from Daniel and Prichard, in 1946-47 . There was a functional directive in this latter case for the further anatomical work, for it had been found that the blood flow by-passed, under a variety of experimental circumstances, some or all of the cortical glomeruli (see Trueta et al., 1947) .
(b) From 1847 onwards, there have been descriptions in the literature of arteriovenous connexions which by-pass the glomeruli. The detailed findings over about a century are given by Clara (1938) and by Shonyo and Mann (1944) . Clara admitted:
(i) Branches from vasa afferentia which pass straight to the peritubular capillary network (Ludwig's branches). They are few in number but not necessarily, for that reason, unimportant.
(ii) Terminal branches of the interlobular arteries which make connexions in all degrees (up to being recognizable perforating arteries) with capsular vessels.
(iii) An adipose capsular artery which can arise from the aorta, or from the renal artery, or from the spermatic artery (the adipose capsule can also receive branches from the lumbar, suprarenal, and phrenic arteries). From the adipose capsule the fibrous capsule is supplied, and the capsular and cortical capillary networks have connexions. So the tubules can get blood when the glomeruli are cut off from the blood circulation. On the other hand, such a supply cannot for long be at all adequate for anything other than maintenance of the tubular tissues.
(iv) Arterie recte verm passing from the arcuate arteries into the medulla.s (v) Arteriovenous anastomoses which were perhaps first noticed in the kidney by Gross (1868) . In the human kidney, according to Spanner (1937), they occur to the number of 360 per sq. cm. in the sinus renalis, arising from branches of interlobar arteries; in the cortex at all levels, either between interlobular arteries and veins, or between interlobular arteries and branches of stellate veins; in the capsular region, to the number of 264 per sq. cm., from the interlobular-capsular arterial network to stellate or cortical veins.
Shonyo and Mann (1944), who used neoprene injections, reported as follows:
"Various possibilities have been recorded in regard to the various short circuits in renal circulation. TIhe present trend is to accept such vessels as occurring in pathologic specimens only, and they are considered to be either absent or extremely rare in normal kidneys. The results of the present investigation indicate that such shunts probably do occur regularly in the normal renal circulation of several species of animals, and the following have been observed: (1) direct continuations of the interlobular arteries into the capillaries of the cortex corticis; (2) vessels which by-pass glomeruli in the corticomedullary zone and pass into the medullary capillaries; (3) direct arteriovenous shunts in the corticomedullary zone." 8According to Landois and Stirling (1891) , these constitute the larger part of the vessels supplying the medulla and, in contradistinction to the vasa efferentia of the basal glomeruli, have muscular walls. Because of their supposition about the number of these vessels, Landois and Stirling considered the circulation through the vasa recta to be most important, regarding it as forming a side stream or "short-cut" through which much of the blood might pass without traversing the cortical vessels. Each such medullary branch of the arcuate artery was stated to break up into a leash or pencil of small arterioles, i.e. to behave in similar fashion to the vas efferens of a basal glomerulus.
At least two further sources of information are available. First, the late Dr. A. E. Barclay (personal communication 26.1.49), as a result of his microradiographic studies, thought that the medullary vascular loops arising from the vasa efferentia of basal glomeruli were comparatively rare, while direct anastomoses in the arcuate zone were common. He also found various other types of arteriovenous connexions, and regarded the whole problem as by no means finally solved.9 Secondly, Simkin et al. (1948) injected glass spheres 80-400,u in diameter into human autopsy kidneys and into the renal arteries of live dogs, and found, though precautions were taken to exclude 'capsular by-passes, that some of the spheres passed through the kidneys. Obviously, some fairly wide anastomotic channels were present.
Personal experience, in experiments on living rabbits, inclines me also to think that diversion of the cortical blood flow is not, on all occasions, or in toto, via vasa recta. On the other hand, I should like to see Spanner's findings tested by independent observers, for the number of anastomoses recorded by him is phenomenal, if correct, and their importance is obviously related to the frequency of their occurrence.
(3) The renal blood-pressure.-In 1847 Ludwig added a float to Poiseuille's hxmodynamometer, "had the genius to cause this float to write on a recording cylinder, and thus at one coup gave us the kymograph, or wave-writer, and the application of the graphic method to physiology" (Stirling) . The attraction, and the comparative ease, of recording arterial pressure by such means led to a great amount of work, and Claude Bernard, according to his posthumous publications (1937), thought physiologists were being diverted from more fundamental things.
"The circulation," he wrote, "on which I shall discourse this year, is encumbered by an unparalleled mass of experimental work and needs to be freed from such encumbrance. There have been dissertations on instrumental methods and upon the absolute blood-pressure. All this is without significance and disappears in face of the discovery of the vasomotor nerves. One must get away from all the trivialities and go for a few typical, classical experiments, performed under exacting conditions." Somewhat similarly, Jarisch wrote in 1928 that "For the development of the knowledge of the circulation it was certainly unfortunate that the amount of the blood flow is relatively so difficult, and the blood-pressure relatively so easy, to measure. In consequence, the blood-pressure manometer exerted an immediate fascination, though it is blood in quantity rather than blood under pressure that most organs require."
The kidney, however, as we know, is an organ that requires blood not only in quantity but also under pressure, and the blood-pressure has long been conceded to be of prime importance in urine formation. Its measurement in the vasa afferentia and the glomerular capillaries has been effected, I believe, only in the frog. In this species, in 1927, Hayman found systolic pressures in the aorta and vas afferens to be about 29 and 24 mm.Hg respectively, while the diastolic in the glomerular capillaries was 15 to 16 mm.Hg. In the mammal, by less direct methods, it has been calculated that the glomerular pressure may be 70 mm.Hg when the general arterial pressure is 130 mm.Hg (Winton and Bayliss, 1948) .
(4) The speed of the bloodflow in the main renal artery and vein is of less obvious interest than the intrarenal circuit time, which in the intact, anaesthetized rabbit averages about 2'5 sec. (Trueta et al., 1947) . This figure may be compared with 2-7 sec. for the pulmonary circuit in the mature sheep foetus (weighing about 5 kg.) before functional closure of the ductus arteriosus and 1-4 sec. after such closure (Barclay et al., 1942) , or with the figure of 2 to 5 sec. found by Robb and Steinberg (1940) for the pulmonary circuit time in adult man. All the above times were radiographically determined, and all are surprisingly fast.
(5) The amount of the bloodflow.-We have already noted Senac's 1749 estimate of this. In 1867 Ludwig introduced his Stromuhr, and in 1891 it was modified by Tigerstedt; soon thereafter Hurthle introduced his recording Stromuhr. Such apparatus, however, require severance of continuity of the vessels into which they are introduced, so they need not concern us except as historical instruments. Barcroft and Brodie (1904, 1905) measured the renal flow by a different technique (timing with a stop-watch the passage of 10 ml. blood into a tube introduced into the dog's renal vein) but in many ways their experimental animals were unlike normal intact ones, e.g. they had been in large measure eviscerated. We know now, also, that the renal blood flow is particularly susceptible to manipulation of neighbouring parts. The introduction by Rein in 1928 of his Thermostromuhr overcame some of the objections valid against the earlier types of Stromuhr, and in 1932 Glaser, Laszlo and Schiirmeyer, continuing work begun in co-operation with Rein and Eppinger, reported flows of 0 5 to 7-2 ml. per gramme kidney tissue per minute in dogs, with the majority of readings between 1 and 4 ml. p.g.p.m. The amounts represented an appreciable part of the heart-minute-volume, but were not directly related to it or to the blood-pressure. There were, however, direct relationships between amount of blood flow, oxygen usage and carbon dioxide production, i.e. the authors concluded that the renal blood flow regulation is an 9Further details will doubtless be found in his posthumous book. Oxford: Blackwell Scientific Publications Ltd. (In the press.) autonomic function of the organ itself. The desaturation of the arterial blood within the kidney, as noted by earlier observers from Claude Bernard onwards, was slight.
In 1933 Medes and Herrick reported blood flows in dogs which had undergone unilateral nephrectomy, had had a Thermostromuhr applied to the remaining renal artery, and had been studied after recovery. The renal flows in these animals ranged from about 10 to 24 ml. per kg. body-weight per minute.
In 1936, in his Introduction to Human Physiology, Rein stated that 1,500 litres per day (just over 1 litre p.m.) was not an overestimate of the human renal blood flow. In 1938, Clara gave the average p.m. as 3-5 x the weight of the kidney (each human one weighs approximately 130 grammes), or the total flow through both organs as 0 7 to 1-4 litres p.m., i.e. about as much as through the two lower extremities, and a considerable fraction of the heart-minute-volume.
These estimates were validated in 1939-40 and subsequently, when Homer Smith and his associates used diodrast plasma clearances at low plasma concentrations as a guide, and determined the effective renal blood flow in adult man as about 1,300 ml. p.m. or more than a quarter of the heart-minute-volume. We may as well add here that each human kidney has over 1,000,000 glomeruli, that the glomerular filtration rate, as determined by inulin clearance, was given by Homer Smith as 131 ml. p.m., that this filtration occurs through nearly 1 sq. m. of glomerular capillary surface area, and that of the 131 ml. only 1 ml. is excreted in the urine, the other 130 being reabsorbed by the tubules.
Homer Smith's comment (1943) was as follows: "Examining the pattern of the human kidney, we must not be surprised to find that it is far from a perfect organ. In fact, it is in many respects grossly inefficient. It begins its task by pouring some 125 c.c. of water into the tubules each minute, demanding for this extravagant filtration one quarter of all the blood put out by the heart. Out of this stream of water, 99 per cent must be reabsorbed again. This circuitous method of operation is peculiar, to say the least. At one end, the heart is working hard to pump a large quantity of water out of the body; at the other end the tubules are working equally hard to defeat the heart by keeping 99 per cent of this water from escaping. Thus heart and kidney are literally pitched in constant battle against each otherour lives depend on neither one of them ever winning out ... In consequence of the circuitous pattern of the filtration and reabsorption of water, nearly half a pound of glucose and over three pounds of sodium chloride per day, not to mention quantities of phosphate, amino acids and other substances, must be saved from being lost in the urine by being reabsorbed from the tubular stream. There is enough waste motion here to bankrupt any economic system-other than a natural one, for Nature is the only artificer who does not need to count the cost by which she achieves her ends."
According to Janssen and Rein (1927) , however, the kidney is one of the organs which need very large blood flows to prevent their temperature from rising unduly.
(6) Intermittence of the glomerular bloodflow.-The concept that the degree of glomerular activity of the whole kidney is susceptible to adjustment through increase or decrease in the number of active glomerular units was stated as early as 1859 by Hermann, a colleague of Ludwig, but was first clearly demonstrated-in the frog-by Richards (see Richards, 1925) . I myself recall a very beautiful microfilm of the frog's kidney made by Dr. Alfred Jiiger of Bonn. In the resting state only a few glomeruli were visible, but very quickly after an injection of caffeine double the number could be seen. In the mammal some or all of the cortical glomeruli can be reflexly (Trueta et al., 1947) or humorally (Theobald and Verney, 1935; Rydin and Verney, 1938) put off duty for varying lengths of time, and (see evidence in Richards, 1925) albuminuria may occur on restoration of the blood flow in consequence of the previous vasoconstriction.
(7) Occurrence of red streamlines in the renal vein.-As early as 1849 Claude Bernard noted such red streamlines but he did not publish until 1858 and 1859, when he was primarily concerned with the salivary glands. He considered that the venous blood showed up red when the kidney was in full activity, as was the case with the salivary glands. Gas analyses showed how little oxygen had been lost by the blood in its intrarenal passage. Incidentally, this work of Bernard in 1849 was, I believe, the first experimental work on the renal circulation.
In 1875, three years before Bernard's death, Vulpian published further observations on the red streams in the renal veins. Thereafter, the phenomenon seems to have vanished from the ken of physiologists and others until 1936, when McLachlin and I reported red streamlines in a variety of veins, including the renal ones. We thought we had discovered something new and no one at the Meeting of the Physiological Society, at which we demonstrated our findings, made any comment to the contrary. In 1938 Clara reverted to Bernard's findings as possible evidence of the activity of arteriovenous anastomoses.
In 1945-47 the streamlines became associated in the minds of Trueta et al. with diversion of blood from the renal cortex, and on more than one occasion pulsation was observed in the renal vein blood.
(8) The oncometer.-The first renal oncometer was designed under strange circumstances, according to Sir Charles Sherrington (personal communication, 1934) . C. S. Roy qualified at the age of 21, and soon thereafter, in 1876, went to act as a military surgeon in the Turkish Army during the war with Serbia. While stationed in Anatolia, he lived in a whitewashed hut and had little to do. So he drew the initial designs for the oncometer on the whitewashed wall of his hut. Later, he completed the apparatus and in 1883 published, with Cohnheim, results attained by its use. Thereafter, it was employed by Bradford and countless others in kidney research. Its drawback, from our present point of view, is that the volume changes recorded include not only those of blood content, but also those of urine and lymph. (9) The nervous control of the renal blood flow.-There is plenty of evidence that, before the nineteenth century, an action of the nerves on the blood-vessels was appreciated (e.g. it was so by Jenner). But 1840 was a year of special significance, for in it Henle announced the finding of smooth muscle fibres in the media of arteries, and Stilling not only coined the term "vasomotor", but gave a surprisingly full and accurate, if theoretical, account of the vasomotor system. Thereafter it was not unduly long before discoveries about the vasomotor nerves began to be made and, so far as the kidney is concerned, the first published observations were those of Goll in 1854; he found vasoconstriction on stimulation of the cord.
From then on the number of publications has been very great, both with regard to stimulation of effector nerves and also with regard to reflexes affecting the renal blood flow. One of the best-known papers is that of Bradford (1889), but many others which are much less well known are worthy of study. I cannot, in the time at my disposal, review the whole of this vast field, but I can make a few comments. In the first place, in the earlier part of our period, animals, like man himself, were operated on without anmsthesia and while, in retrospect, we must deplore the pain inflicted, especially in experiments involving the use of curare, it is possible to glean from the protocols information which cannot now, under modern vivisection conditions, be obtained. I think we owe it to these animals of the past to make full search for any useful knowledge obtained through their suffering, e.g. stimulation of the afferent splanchnic fibres was noted to be painful.
Secondly, in the earlier nerve-stimulation work, galvanization was used where now we mostly use faradic stimuli. So here again we may profit by careful study of the literature. Bradford, too, found that he could produce vasodilatation by a slow rate of stimulation, while vasoconstriction resulted from a more rapid rate, and this leadmight with profit be pursued farther. Claude Bernard envisaged in secretory glands a double blood flow designed to respond to the different conditions introduced by the intermittent activity of the glands. Beside the local capillary circulation with its on and off periods, the anastomotic routes, he wrote, provide a passage for the blood when the gland is physiologically at rest. In this latter condition the blood circulates through more direct routes, like a crowd traversing the streets without entering the houses which line them. Of these two circulations, the one, by the direct routes, is continuous and mechanical; the other, the capillary functional one, is intermittent. It is on this second one in particular, he wrote, that the nervous system exerts its influence. f need not say much about the numerous vasoconstriction findings on distal splanchnic stimulation or stimulation of the renal nerves themselves, or about the vasodilator effects of section of these nerves, or about the reflex vasoconstriction which can be produced in the kidney from a variety of receptor fields. For these are well known, and lists of references are given by McDowall (1938) and others. I should like, however, to note that Vulpian's (1875) accounts are of considerable interest, and that the resume given by Foster (1877) in his textbook shows how much had already been accomplished by that date. In recent times one of the more interesting findings has been the suggestion that the blood flow can be diverted from the renal cortex in consequence of stimulation of the supraorbital surface of the frontal lobe. Joseph Cort, who produced this suggestion as a result of research done while he was a student at Yale, used Evans Blue as an indicator of the renal blood diversion, and this technique has since been criticized. So he proposes (personal communication, 1949) to verify his findings, using such criteria as changes in blood gas composition within the renal vein. Other brain centres which by their activity affect the renal blood flow are being investigated (personal communication, 1948) by Hess and his co-workers in Zurich.10 Finally, 10While this paper has been in the press, Hoff et al. (1949) have reported interesting results of cerebral stimulation, and McGee and Ullmann, in my own Department, have determined the spinal segments which control anoxic and hypercapnic diversion of the renal cortical blood flow when higher parts of the nervous system are out of action.
it is pertinent to note the findings of Verney et al., who have found that the nervously produced liberation of adrenal medullary and post-pituitary hormones can produce vasoconstriction within the denervated kidney. In this field, therefore, as in others, both the nervous and the hormonal effects have to be borne in mind in accounting for the local reactions of the kidney vessels, and the effects of these reactions upon the renal blood flow, under a variety of physiological circumstances.
Concluding Remarks In a review of this length it has been impossible to cover adequately all aspects of the subject, and I have also felt at liberty, in an Address to the Section of the History of Medicine, to amplify certain earlier and less well-known parts of the story. I have deliberately omitted reference to the relation between intrarenal phenomena and hypertension, partly because of the limits of space, partly because research has not "advanced to the point at which conclusive answers to questions can be given" (Shorr, 1948) , partly because the subject, in its present state, ought properly to be reviewed by someone with more specialized knowledge than I can claim.
Perhaps, however, I have been able to convey some idea of the very great progress achieved, in the past century or so, in respect of knowledge of the renal blood flow and its regulation. Perhaps, too, this relation of past achievement may be a stimulus to further research. If it is so, the review will have been well worth while, for impaired renal functioning is the greatest single cause of fatalities and disablements in the medical field to-day, and in consequence a successful piece of renal research may have unusually widespread application in the prevention and treatment of disease.
I close with acknowledgments to my various renal research colleagues, in particular to Professors Josep Trueta, E. C. Amoroso and W. C. W. Nixon, to Mr. John Sophian, and to members of my Department at St. Bartholomew's Hospital Medical College.
